We present a design for a piezoelectric-driven uniaxial stress cell suitable for use at ambient and cryogenic temperatures, and that incorporates both a displacement and a force sensor. The cell has a diameter of 46 mm and a height of 13 mm. It can apply a zero-load displacement of up to ∼45 µm, and a zero-displacement force of up to ∼245 N. With combined knowledge of the displacement and force applied to the sample, it can quickly be determined whether the sample and its mounts remain within their elastic limits. In tests on the oxide metal Sr 2 RuO 4 , we found that at room temperature serious plastic deformation of the sample onset at a uniaxial stress of ∼0.2 GPa, while at 5 K the sample deformation remained elastic up to almost 2 GPa. This result highlights the usefulness of in situ tuning, in which the force can be applied after cooling samples to cryogenic temperatures.
I. INTRODUCTION
Uniaxial pressure can be a powerful probe and tuning parameter for the electronic properties of materials. It is a fundamentally different probe from hydrostatic pressure, because it can directly lift the rotational symmetry of a crystal lattice. For example, while hydrostatic pressure causes a slow decrease in the critical temperature of the superconductor Sr 2 RuO 4 1 , uniaxial pressure drives a rapid increase 2, 3 . One way to apply uniaxial stress is with mechanical springs, or, for in situ tunability, gas-filled bellows. These mechanisms can provide large forces at a low spring constant. This makes the force on the sample a well-controlled variable, because it is essentially independent of small displacements, due, for example, to differential thermal contraction, or to deformation of the sample or its mounts under the applied load. It is appealing however to use piezoelectric actuators for in situ tunability, because they are mechanically simple, and can generate large forces in a small volume. Piezoelectric actuators have high spring constants. Although they can apply sufficient force to compress solid samples by ∼1% or more, this force is not automatically independent of micron-scale deformations that the sample or apparatus might undergo in response.
A uniaxial stress cell based on piezoelectric actuators was presented by some of the present authors in 2014 4 . The actuators are extension actuators, the most common type of actuator. To cancel their own thermal contraction and allow operation over a wide temperature range, including cryogenic temperatures, the actuators are arranged into two identical sets, placed so that their action on the sample is of opposite sign: extension of the "compression" actuators compresses the sample, and of the "tension" actuators tensions the sample. The basic concept of these cells is to take advantage of the high spring constant of the actuators to build cells whose spring constants greatly exceed those of typical samples. In this way, the displacement applied to the sample, rather than the force, a) Electronic mail: barber@cpfs.mpg.de b) Electronic mail: hicks@cpfs.mpg.de becomes the well-controlled variable, because it is unaffected by the force generated by the sample in response. The versatility of this configuration has been demonstrated in a number of different measurements. The original cell and updated versions have been used for measurements including magnetic susceptibility 5 , resistivity [6] [7] [8] , X-ray scattering 9, 10 , NMR 11, 12 , and scanned probe microscopy 13 .
Piezoelectric actuators are hysterestic, especially over wide temperature and voltage ranges, so a separate sensor of the applied displacement is needed. In most of the cells used in the above-referenced experiments this has been a capacitive sensor placed in parallel with the sample. The sample strain is determined, essentially, as the applied displacement divided by the strained length of the sample.
In practice, this approach has limitations. One is that in practice the cell's spring constant is not always much larger than that of the sample, such that deformation of the cell in response to the load from the sample may introduce systematic error into the displacement sensor reading. Cells of diameter 25-50 mm and height ∼15 mm, designed to fit into typical cryostats, typically have spring constants of ∼10 7 N/m. If the strained length of the sample is 2 mm and its Young's modulus is 100 GPa (a typical value for a metal) its cross-section is limited to 0.2 mm 2 to keep the sample spring constant below the cell spring constant. Ideally its cross-section should be much less than this.
In addition, the sample is typically held in place with epoxy, and this epoxy will also deform under the applied load, further eroding the accuracy of the displacement sensor as a sensor of the state of the sample. The precise mounting achieved varies from sample to sample, making accurate comparison of the strains in different samples very difficult. Finally, the sample might relieve the applied strain through non-elastic deformation, and with a displacement sensor alone one must often repeat measurements to check if the sample is still in its elastic regime.
Here, we present a piezoelectric-based uniaxial stress cell with an integrated sensor that measures the force on the sample, eliminating the need to try to infer the applied force from the applied displacement. The cell also still has a displacement sensor, and combined knowledge of force and displacement allows rapid detection of non-elastic deformation in ei-ther the sample or the sample mounts. The main challenge in implementing the force sensor is geometric: it must be placed in series with the sample, which in a compact space is a more difficult arrangement than a displacement sensor in parallel. The second challenge is that the spring constant of the force sensor must be large, so that it does not absorb too much of the limited displacement generated by the actuators.
II. DESIGN OF THE NEW PRESSURE CELL
Various other configurations have been published in which piezoelectric actuators are used to apply uniaxial stress. Bending actuators 14, 15 and shear actuators 16 have been applied. However both actuator types have an unfortunate trade-off: if they are made longer, to obtain larger displacements, then their spring constant against bending and correspondingly the maximum force they can apply falls rapidly. Thin samples can be strained by direct attachment to piezoelectric actuators 17, 18 , but the achievable strain range is limited to that of the actuator: ∼10 −3 .
Our new design is presented in Fig. 1 . It is composed of an outer frame and two moving blocks, labelled A and B. The moving blocks are joined to the frame through flexures that guide their motion to be in a line along the axis of the cell. The actuators drive motion of block A, and for compactness they are placed underneath it. The flexures guiding block A are thin, so that block A has a low resistance to motion. Placing the actuators underneath introduces large torques: the actuators apply force to the bottom portion of block A, while the counterforce from the sample is applied at the top of block A. The flexures guiding block A resist this torque, and in the process provide mechanical coupling between the actuators and sample.
The arrangement of actuators to cancel their thermal contraction can be seen in the bottom view. The bridge joins the tension and compression actuators, but is not joined to the outer frame. The actuators lengthen along their poling direction as they are cooled 19 . This expansion pushes the bridge rightward in the figure, but because the expansion of the compression and tension actuators is ideally the same no net displacement is applied to block A.
The sample is mounted between blocks A and B, using whichever combination of attachment points is most convenient. The displacement and force sensors are both capacitive sensors: by measuring
Their functional difference is due to their placement. The displacement sensor measures the displacement applied between blocks A and B. The force sensor measures the displacement between block B and the frame: force applied to the sample is transferred to block B, which moves slightly in response. With knowledge of the spring constant of the flexures that guide block B, the force on the sample can be determined. The force sensor is intended to be the primary sensor, however, as noted above, the displacement sensor remains useful for diagnostic purposes.
We now estimate the performance limits of this pressure cell. The application of this cell is scientific measurement, for which maximum performance will generally be of greater interest than long fatigue life. We therefore take limits at the upper end of the performance of the actuators and material of the cell body. In practice the limits one is prepared to explore will depend on the importance of the measurement underway. The discussion here is specific to this particular design, but illustrates the process and shows approximately what is achievable for a cell of this size. We consider the limits of the cell in three stages. (1) Limits set by the performance of the piezoelectric actuators and the stiffness of the cell. (2) Limits imposed by the elastic limit of the material of the body of the cell. (3) Limits imposed by the tensile strength of the actuators.
1. Performance of the actuators, and stiffness of the cell. The performance of the cell may be specified with two numbers: the maximum displacement that can be applied to a sample of zero spring constant, d max,0 , and the maximum Physik Instrumente P-885.51 The approximate limits on displacement and force this cell can apply are indicated by the hatched region. These limits are set by the limits of the actuators and the elastic limit of the material of the cell body. An example of a sample with a linear force-displacement relationship is also shown, along with the maximum force that could be applied to this sample, F max .
force that can be applied to a sample of infinite spring constant, F max,0 . d max,0 is the displacement generated by the actuators within the voltage limits one is prepared to explore.
where k cell is the spring constant of the cell: if the sample is infinitely stiff, the displacement generated by the actuators deforms the cell rather than the sample. The actuators are Physik Instrumente PICMA R piezoelectric actuators. In Fig. 2(a) we show the strain generated in a nearly-free piezoelectric actuator 20 at 1.5 K as a function of applied voltage, for three voltage ranges. At cryogenic temperatures we have found −300 to +400 V to be a safe voltage range that does not lead to obvious degradation of the actuators. At −300 V and +400 V the actuator strain is −7 · 10 −4 and 8 · 10 −4 , respectively. The actuators in this cell are 27 mm in length, so with strains of −7 · 10 −4 in the tension and 8 · 10 −4 in the compression actuators the generated displacement is 40 µm.
We calculate approximately the spring constant of the cell, and then check with measurement. Where finite element analysis (FEA) is required we take the Young's modulus of the titanium to be 103 GPa. In the FEA it is also necessary to specify the location of the sample, as this determines the torques that blocks A and B experience. We take the sample to be 0.5 mm above the upper surface of the cell. (An illustration of a mounted sample is shown in Fig. 3 (a).) Our calculation considers three contributions to the deformation of the cell.
The Young's modulus of the actuators is approximately
40 GPa 21 , so the combined spring constant of the set of three actuators is ≈25 N/µm.
2. As noted above, block A experiences a large torque, which is resisted by the flexures but not with infinite stiffness. Based on FEA of the deformation of the flexures (and neglecting any contribution to rotational stiffness from the actuators), the spring constant for rotation of block A, as seen at the position of the sample, is 27 N/µm.
3. Block B is intended to move under the applied load from the sample, and its spring constant is a design decision: a lower spring constant improves the sensitivity of the force sensor and reduces the relative effects of thermal drift within the sensor, but also reduces the total spring constant of the apparatus. We selected a spring constant for block B of 20 N/µm.
These spring constants are combined in series, yielding k cell = 7.9 N/µm, and F max,0 = 316 N. The spring constant of the cell was measured at room temperature using a laser interferometer; see the appendix for a photograph of the setup. The measured spring constant was 7.8 N/µm. We note that at higher temperatures the actuators respond more strongly to applied voltage and can be driven further. However, as we now describe, the limits set by the material of the pressure cell are similar -d max,0 ∼ 45 µm and F max,0 ∼ 245 N -and these will not increase if T is raised.
2. Elastic limit of the material of the pressure cell. The cell is made from titanium, and the yield stress of titanium varies depending on grade 22 . We used grade 2 titanium, and we choose a maximum stress within the material of the cell of 300 MPa. At room temperature, this is relatively high and not suitable for long fatigue life, however the elastic limit will increase as T is reduced.
FEA of displacement of block A with no load from the sample indicates that the maximum stress reaches 300 MPa when it is displaced by ∼45 µm; details of the FEA are given in the appendix. This maximum stress occurs within the roots of the flexures guiding block A, and so it is approximate: the FEA results depend strongly on the exact fillet radius at the root of the flexures. Nevertheless, this simulation indicates that the elastic limits of the flexures on block A approximately match the performance limit of the actuators.
To simulate an infinite-spring-constant sample, we lock the displacement of block A to that of block B at the position of the sample. Block A will still rotate under the torque it experiences, and we again suppose that the only resistance to this torque are the flexures that guide block A. The 300 MPa limit is reached, again within the roots of the flexures, at a sample load of ∼245 N. Therefore, we take F max,0 ∼ 245 N.
3. Force limit on the actuators. The actuators are designed to handle compression but not tension; the manufacturer specifies a maximum compressive load on the actuators of 30 MPa (corresponding to 750 N for the 5 × 5 mm cross-section actuators used in this cell) and a maximum tensile load of ∼10% of this 21 . However in this cell design, when the sample is compressed the tension actuator comes under a tensile load at least as large as the applied force. (Conversely, when the sample is tensioned, the compression actuators come under tension. However because in this case the tensile load is split between two actuators, the problem is less severe.)
Here, we demonstrate operation of the cell up to a maximum compressive force of 75 N. We have separately tested the mechanical strength of one actuator by suspending weight from it at room temperature; it broke apart at a 285 N tensile load. The general solution when piezoelectric actuators must carry tensile loads is to pair the actuators with pre-load springs, such that the actuator itself always remains under a compressive load. For compactness, the present design does not incorporate pre-load springs; we take the chance that the actuators can occasionally be used outside their specified tensile load limit, at the cost of potentially reduced lifetime.
The performance limits of the device are summarised in Fig. 2(b) . The two parameters d max,0 and F max,0 delineate an approximate safe region of displacement and force over which the cell can be operated, both in compression and in tension. For a sample of constant spring constant k (that is, whose force-displacement curve is linear), the maximum force that can be applied is approximately
It should be stressed that k is the spring constant of everything between the attachment points on blocks A and B: not only the sample itself, but also any plates and epoxy used to hold the sample. We finish this section with some details on the capacitive sensors. For a maximum displacement of 45 µm a sensible initial plate spacing for the displacement sensor is ∼50 µm. For the force sensor, the maximum force of 245 N on the 20 N/µm flexures gives a displacement of 12.3 µm, so a sensible initial plate spacing is ∼20 µm. In this design the area of the plates in both sensors is ∼3.9 mm 2 , giving an initial capacitance C = ε 0 A/d of ∼0.7 pF and ∼1.7 pF for the displacement and force sensors respectively. A precision capacitance bridge can detect changes in capacitance on the order of 10 −5 pF, yielding noise-limited sensitivities on the displacement and force capacitances of ∼0.5 nm and 5 mN, respectively.
III. TESTING AND RESULTS
We now show test results. All the test samples were mounted in the device using epoxy (Stycast R 2850FT) sandwiched between two sample plates at each end of the sample, as shown in Fig. 3 . A thorough analysis of this mounting method has been described elsewhere 4, 23 , but the salient features are as follows. The exposed portion of the sample needs to be long enough to incorporate any voltage contacts, or other measurements apparatus, with some margin to ensure good strain homogeneity within the measured region. The thickness of the sample is then chosen such that the buckling strain limit of the sample exceeds the desired maximum compressive strain. The epoxy thickness is a trade-off between two tendencies. If the epoxy layer is thicker, stress concentration within the ends of the sample and the shear stress within the epoxy is reduced. However, the load transfer length λ , the length scale over which force is transferred from the sample plates to the sample, also increases. λ ∼ Etd/2G, where E is the sample's Young's modulus, t the sample thickness, d the epoxy thickness and G the epoxy's shear modulus. Here, as shown in Fig. 3(c) , the overlap between the sample and sample plates is 400 µm, so we target λ ∼ 200 µm. Estimating G = 6 GPa 24 for Stycast 2850FT at cryogenic temperatures, E = 176 GPa for Sr 2 RuO 4 25 , and t = 100 µm yields d ∼ 30 µm. The displacement-capacitance relations of the sensors were obtained using a laser interferometer, in air, in vacuum at room temperature, and at cryogenic temperatures. The spring constant of block B was measured by hanging known weights from the block and measuring the deflection. A value of 19 N/µm, close to the target value, was obtained. Further details of these measurements are given in the appendix.
We now report measurements on test samples. Temperature and humidity variation were found to lead to unwanted drift in the measured capacitances during measurements in air, so all measurements reported here were done under vacuum in a cryostat with active temperature control. By heating slightly above room temperature we could attain a temperature stability of better than 10 mK at 298 K, and by heating against the cooling power of a 1K pot we could hold the temperature at 5 K with a stability of ∼5 mK.
In Fig. 4 we show results of measurements of a titanium sample at 298 K. The sample comprised two pieces of titanium of cross section 310 × 70 µm, whose ends were polished flat and pressed together. A narrow gap between the two pieces opened up as the epoxy cured; see the photograph in Fig. 4(a) . The purpose of this configuration is that when the gap is open, the force applied to the sample is definitely zero, allowing testing of the repeatability of the force sensor, and of its independence from applied displacement.
As shown in the inset of Fig. 4(a) , the measured force is not fully independent of applied displacement: there is a background slope of ∼20 mN/µm. This unwanted coupling appears because operation of the actuators causes some distortion of the outer frame, including the area around the force capacitor. Fig. 4(a) shows the force (F) versus displacement (d) curve of this test sample at low forces, with the background slope subtracted. Negative values of F and d indicate compression, and d is set to zero at the point where first contact of the two titanium pieces appeared. For this and subsequent measurements, the measurement protocol was to ramp the voltage on the compression actuator at ∼1 V/min. This corresponds to a displacement ramp rate of ∼0.2 µm/min, although because the actuators are not linear devices the displacement ramp rate is not constant. At the end of each ramp, the voltage was held fixed for 30 minutes. Up to ∼2 N, the force-displacement curve is non-hysteretic.
Panel (b) shows measurements to higher forces, and now signs of plastic deformation appear. In the first ramp to |F| > 2 N, the slope of the F(d) curve softens above ≈2.3 N. When the actuator voltage was held fixed at the end of the ramp, |F| crept to lower values while |d| crept to higher values. On the return stroke, F(d) then followed a different path from the outward stroke. From these measurements we cannot say whether the plastic deformation occurs in the sample or in the epoxy. However it is reasonable to expect plastic deformation of the sample to dominate: the mating of the two titanium surfaces will not be perfect, resulting in stress concentration at the point(s) of initial contact.
We next turn to measurements on single crystals of the oxide metal Sr 2 RuO 4 at 298 K, following the same measurement protocol. The cross-section of the sample was 244 × 119 µm, so a force of 1 N corresponds to a stress of 0.034 GPa. The resistance of the sample was monitored during measurement to gain information on the state of the sample. Fig. 5(a) shows the stress-displacement curves, and panel (b) resistance versus stress, for applied uniaxial stresses |σ xx | up to 0.2 GPa. These data suggest some plastic deformation: at higher stresses the stress-displacement curve becomes slightly nonlinear, and the sample resistance creeps upward as the stress is ramped up and down. However the plastic deformation becomes much more obvious when the applied stress is increased further, in panels (c) and (d). The increasing sample resistance shows that the sample deformed plastically, although it is possible that there was also plastic deformation of the epoxy holding the sample. Fig. 6 shows measurements at 5 K on another sample of Sr 2 RuO 4 . Because the response of the actuators is weaker at low temperatures, the voltage ramp rate was increased to 2.5 V/min. The wait time at the end of each ramp remained 30 min. Panel (a) shows ramps in the fully elastic regime of the sample and epoxy. These measurements could be repeated over many cycles and reproduced the same results each time. For these curves, the zero-stress point was taken as the stress with lowest superconducting transition temperature, in line with the previous studies on Sr 2 RuO 4 2 . Ideally the zeroforce point would be read from the force sensor. In practice, there is variability in the force capacitor from cool-down to cool-down on a scale corresponding to a force of roughly 2 N, and improving this is a matter of better capacitor design.
At higher forces non-elastic deformation started to appear, however the form is of sudden jumps that indicate minor fracture of the epoxy and/or sample, rather than the smooth plastic deformation seen at 298 K. A few of these jumps are highlighted in panel (b). Each jump is to lower force and higher displacement. The first such jump occurred at ∼20 N, and they continued to appear each time the strain was ramped above the previous highest point. Fig. 6(c) shows the ramp in which the sample fractured fatally: the dashed line connects two consecutive readings of force and displacement, between which the force on the sam- ple fell drastically while displacement increased. The stress in the sample did not return immediately to zero because the main fracture occurred within one of the epoxy mounts. The central portion of the sample remained in place, providing some coupling between the two mounts.
Panel (d) shows the resistivity up to the point where the sample fractured. The large peak in resistivity at around −0.7 GPa is most likely the result of a Van Hove singularity in the electronic density of states being tuned to the Fermi level 6 . This curve repeated over each successive strain ramp, both for increasing and decreasing strain, with no indications of plastic deformation in the sample.
IV. CONCLUSION
A design has been presented for a piezoelectric-driven uniaxial stress cell that incorporates both force and displacement sensors. The versatility of piezoelectric-based pressure cells has already been demonstrated, and these cells are becoming widespread. The addition of the force sensor, however, allows more accurate and repeatable determination of the state of the sample. This greatly enhances the usefulness of the device by allowing different samples to be compared with better quantitative precision, and by allowing early detection of nonelastic deformation. In addition, although here we have described test samples with linear stress-strain relationships, the combination of force and displacement sensor would allow detection of stress-driven structural transitions in other materials.
The tests on Sr 2 RuO 4 also highlight an important advantage of in situ application of the uniaxial stress. At room temperature, the elastic limit of Sr 2 RuO 4 was found to be ∼0.2 GPa. At 5 K, in contrast, the elastic limit was at least 2.0 GPa. In exploring the effect of uniaxial stress on electronic structure, it is therefore extremely useful to be able to cool the sample first and then apply the stress.
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CWH has 31% ownership of Razorbill Instruments, a United Kingdom company that markets piezoelectric-based uniaxial stress cells. We used the COMSOL Multiphysics R 26 software to perform finite element analysis (FEA) simulations of the uniaxial stress cell in operation. Small features such as mounting holes were suppressed in the simulation model. Two 0.5 mm-high raised platforms, 12 mm apart, which are not present in the actual cell were added to create surfaces for applying loads that simulate a sample 0.5 mm above the upper surface of the stress cell. The model is shown in Fig. 7(a) . The material of the cell is titanium and in the FEA a Young's modulus of 103 GPa and Poisson's ratio of 0.33 were specified.
We model the spring constant of block B by applying a load to the raised platform and measuring its displacement relative to the outer frame, which is held fixed along its two flat side faces; see Fig. 7 Quantities that depend directly on the deformation field returned by the FEA calculations can be accurately determined with relatively simple meshes. To study the stress or strain, which depend on the derivative of the displacement field, a mesh refinement process is required to ensure that any points of stress concentration are properly captured. In our simulations the stress concentration occurs at the roots of the flexures and the concentration factor depends on the fillet radius. For the simulations we use a fillet radius of 0.15 mm for the flexures guiding block A and a radius of 0.5 mm for the flexures guiding block B. The 0.15 mm fillet approximately matches that achieved during machining, however results here should be taken as approximate.
To determine the maximum displacement of block A we imposed the same fixed constraint on the two flat side faces of the body of the cell, and a load to the raised platform on block A. The mesh density on the fillets of the flexures was increased until convergence was obtained; see Fig. 8(a) . A maximum von Mises stress of 300 MPa was reached when the block was displaced 47 µm; see Fig. 8(c) . We next determine, in a single calculation, the spring constant from rotation of block A, and the maximum stress in the in the flexures from an infinitely stiff sample. We again make the approximation that the rotational stiffness derives com- pletely from the flexures guiding block A, neglecting any contribution to rotational stiffness from the actuators. To simulate application of a 10 N compressive load to an infinitely stiff sample, we apply a 10.80 N tensile load to the piezoelectric actuator attachment area of block A (which is on the bottom side of block A); see Fig. 9 , and 10.00 N load in the opposite direction to the raised platform on block A (which simulates the mounting point of the sample). As in the previous simulations, the side faces of the pressure cell are also held fixed. The 0.8 N load differential causes a 0.5 µm displacement of block A, as seen at the raised platform. This 0.5 µm displacement equals the displacement expected on block B under a 10 N load, and therefore it simulates an infinitely stiff sample: the distance between the two sample attachment points does not change. The maximum stress in the flexures after increasing the mesh density to reach convergence is 12.24 MPa. Scaling up to a maximum allowed stress of 300 MPa implies a 245 N maximum load on the sample. The effective spring constant for rotation of block A as seen at the sample mount point is given by the applied force divided by relative displacement between the sample mount point and the piezoelectric actuator attachment area. The average displacement of the piezoelectric actuator attachment area, as seen from Fig. 9 , is ∼0.87 µm. The effective spring constant for rotation of block A is therefore 10 N / 0.37 µm = 27 N/µm.
Appendix B: Measurement of the spring constant of the uniaxial stress cell Our setup for measuring the spring constant of the cell is shown in Fig. 10 . To measure the displacement between blocks A and B, two laser interferometer fibre heads are mounted on block B, and two mirrors on block A. A rigid support is bolted to block A, and the load -weights hanging from a wire -is applied to block B in a way that simulates a sample mounted 0.5 mm above the surface of the cell. Measurements with the interferometer heads 1.8 and 3.8 mm above the surface yielded springs constants of 7.5 and 7.1 N/µm, respectively, which we extrapolate to 7.8 N/µm at 0.5 mm.
Appendix C: Calibration of the displacement and force capacitors
The displacement-capacitance relations of the sensors were obtained using a laser interferometer. Mirrors were attached to blocks A and B, and on the outer frame. Three fibre heads of the interferometer were secured to the outer frame to measure the displacement of the mirrors. The actuators were first used to ramp the displacement of block A while the interferometer displacements and the capacitance of the displacement sensor were recorded simultaneously. This measurement was repeated in air, in vacuum at room temperature, and in vacuum at 1.5 K. In all cases, the displacement-capacitance relation could be fitted by the parallel plate form
where C offset accounts for stray parallel capacitances within the cell. A and C offset were found to be nearly identical in all three measurements. To calibrate the force sensor, the same interferometer setup was used, and a thick titanium bar was bolted between blocks A and B to join their motion. At low temperature, the actuators were ramped over a wide enough range to perform a fit of the parallel plate form. At room temperature, we were concerned to avoid damage to the actuators from the high forces required to move block B, and so limited the ramp range. Therefore we obtained only an initial value and slope dC/dd. However these values were consistent with A and C offset remaining constant under the different measurement conditions, as for the displacement capacitor.
The spring constant of block B was determined by hanging known weights from the sample attachment point and measuring the displacement with the force capacitor. The spring constant was found to be 19 N/µm. The low-temperature spring constant was not measured; instead, at 5 K we use the literature value for the increase in stiffness of titanium at low temperatures, ∼15% 27 .
